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SECTION I

INTRODUCTION

1. CONTRACT OBJECTIVE

This research is concerned with the preparation, characterization and

evaluation of crystalline garnet magnetic films. The liquid—phase epitaxial

growth technique was used to deposit magnetic thin films on commercial non—

magnetic 3G substrates. These thin films were evaluated for use in small—

bubble—diameter cylindrical—domain memory devices. Research performed in

addition to formulation and thin film deposition studies included measurement

of wall energy, anisotropy , temperature coefficient, temperature range and

magnetization. Analyses involved the presence of impurities, nonstoichiom—

etry and charge compensation considerations. The goal is to prepare and
evaluate a small—bubble—diameter (less than 2 ~m) LPE crystalline garnet film

with the following characteristics:

wall energy density = 0.25 ergs/cm2

q = H
k
/4T1M

s 
> 3

velocity > 1000 cm/sec 0 ~H = 5 Oe

temperature coefficient = 0.2%/°C

rotating field drive at 106 bit/sec shift rate < 25 Oe

2. BACKGROUND

The overall technical approach to be used in the developmen t of a small—

bubble—diameter cylindrical—domain mass—memory material emphasizes the formu-

lation , preparation , characterization , evaluation and testing of magnetic

crystalline thin films.

The rare—earth iron—garnet magnetic thin films have been found to be the

most promising 3 to 8 ~m—bubble—diameter materials for bubble memory devices.

Large cross sectional area films of suitable perfection and desirable mag-
netic properties have been obtained from liquid—phase epitaxial deposition

experiments. It is reasonable to assume that these successes can be extended

to include small—bubble—diameter garnet compositions.

1
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Gadolinium gallium garnet (3G) has found widespread use as the non—

magnetic substrate material for the LPE deposition of magnetic garnet thin

films. No doubt research extended to include 1 and 2 ~m—bubble—diameter

materials will also utilize 3G substrates. Since polished 3G substrate

slices of adequate quality are readily available commercially , gadolinium

gallium garnet boules will not be grown. However, if for any reason com-

mercial substrate sources are not adequate for the deposition of small—bubble—

diameter thin films, nonmagnetic garnet single crystals will be grown from the

direct melt by the Czochralski technique, oriented crystallographically , cut,

polished and cleaned prior tc~ use.

The approach to be followed in the growth of magnetic crystalline films

will be the liquid—phase epitaxial method. This technique has proven to be

the superior method for obtaining high perfection magnetic films. While both

tipping and dipping modifications of LPE growth have been employed , the

horizontal wafer—dipping reverse-rotation process will be used for the growth

of small—bubble—diameter crystalline thin films.

The selection of the optimum small—bubble—diameter crystalline garnet

composition will take into consideration the results of several fundamental

magnetic property measurements. Dynamic conversion , hard bubble suppression ,
propagation angle, mobility , coercivity , temperature dependence of magnetic

properties and anisotropy are parameters that must be investigated and under-

stood. These experiments must be supplemented by magnetization , bubble

diameter and bubble collapse measurements on all samples.

Compositions to be grown and evaluated include samarium thulium—yttrium

samarium lutetium— and europium thulium iron—garnet (all of which contain

gal... s the non-magnetic cation diluent) and yttrium samarium lutetium

calcium— and yttrium europium lutetium calcium—iron garnet (which contain

germanium as the noninagnetic cation). Investigations will be conducted with

the objective of preparing a rare earth iron garnet composition which concen-
trates all of the transition metal nonmagnetic cations exclusive ly in the

tetrahedral site. The use of germanium instead of gallium approaches this

condition . Another approach that might prove to be superior would be to use
vanadium , together with a monovalen t cation for charge compensation .

2
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SECTION II

EXPERIMENTAL

1. SUBSTRATES

a. Substrate Procuremen t

Gadolin ium gallium garnet (3G) substrates have been obtained as

polished wafers from Allied Chemical Company. The specifications under which

these wafers were purchased are as follows:

Diameter = 1 inch

Thickness = 0.020 inch

Flat to 3 fringes over central 85% of area

Core, birefringence, and inclusion free

Crystallographically oriented to within 0.5 degrees of [l1l~
Five or fewer defect~,s over central 85% of area, as revealed by a
2—minute etch in 220 C phosphoric acid , using Nomarskl interference
contrast microscope.

b. Substrate Processing

Each 3G wafer, immediately prior to being used as an epitaxial sub-

strate, is cleaned by the following sequence of steps:

1) Rinse in acetone

2) Rinse in demineralized water

3) Boil in trichioreothylene for -
~~

- hour

4) Boil in 10% sodium hydroxide for ~ hour

5) Rinse in deminera].ized water

6) Immerse in phosphoric acid at 120°C for 1 minute

7) Rinse in hot tap water

8) Rinse in demineralized water

9) Blow dry with filtered air gun

Substrate surface quality is a prime requisite for the growth of

defect—free bubble—domain epitaxial garnet thin films. The above procedures

have produced substrate surfaces of sufficien t quality to meet this require-

ment. It is mentioned that meticulous care must be exercised to maintain the

3

~~~~ ~~~~~~~~~~~~~~~~



surface quality of the substrate material until all of the deposition and
process ing steps have been completed.

2. LIQUID-PHASE EPITAXIAL GARNET FILM GROWTH

The basic l iquid—phase ep itaxy ( LPE ) growth procedure used throughout

this contract period is conventional for bubble memory fi lms and ut i l izes
horizontal dipping of [1ll~ crystallographically oriented Gd3Ga5O12 (3G)

polished substrates.

The substrate is cleaned prior to use and is supported by a three—

pronged platinum wire holder. A lowering—rotation mechanism is used to

position the substrate above the solution for pre—heat purposes until tem-

perature equilibrium is reached. Excessive exposure to the vapors above the

solution causes defects to form, whereas insufficient heating results in un-
controlled film deposition . The growth process must be carried out under

isothermal conditions. Any temperature fluctuation s during the growth

process produce pronounced film property differences.

Kan thal wound—electrically heated—resistance furnaces were used in the
LPE experiments. The temperature profile in a single zone furnace is de-

termined largely by furnace geometry , conduction losses from the furnace ends
and by the position of baffles which minimize convection currents. A zone

uniform in temperature ± 1° was 8 cm in length and decreased by 2° one—half
inch above the solution surface.

Garnet films were grown on [111] 3G substrates by LPE techniques pre-
viously described by numerous researchers. During this study , the substrates
were rotated—reverse rotated with a 2—second period at a rate of 60 rpm.

Rotation rates less than 30 rpm and greater than 100 rpm led to a degradation

of thickness uniformity . A 600 rpm rotation was used when the grown film was

withdrawn from the solution . This procedure resulted in obtaining higher

quality magnetic films , as any flux residue that had adhered to the film was
removed quickly by this procedure.

Succeed ing LPE film growth experiments were carried out after immediate

magnetic property measurements were performed . These characterization

studies included lattice—match—mismatch , film thickness, bubble diameter ,
magnet iza t ion , £ , q and anisotropy measurements.  Adjustmen t in solution

4
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composition , deposition procedure and deposition condit ion s were made on the
basis of these evaluation measurements. We real ize  these evaluation studies
do not include dynamic properties; however , unless a f i lm composition ex-
hibits the desired static magnetic properties, it will not meet contract

objectives. What this preliminary evaluation procedure does accomplish is

that suff ic ient  results are obtained to direct succeeding film growth studies

with a minimum of lapsed time.

Saturation temperature T5 was defined for each solution as the tem-

perature at which the growth rate was just discernible (less than 0.05 ~m/min

for a minimum growth time of 10 minutes). Film deposition was carried out 10

to 20° below the observed saturation temperature for any given solution.

Distribution coefficients employed during this phase of the program were

controlled such that the garnet phase was the stable species in any growth

process, regardless of film deposition or solution composition modifications.

A listing of all R values and/or adjustments would serve no meaning ful

purpose and is omitted to conserve space and to yield a simpler , more manag—
able report.

During the course of this contract, over 600 LPE film deposition s have

been made in the search for an improved small—bubble—diameter crystalline

composition . A typical melt composition for the LPE growth of

(YSmTm)3(GaFe)5O12 garnet films in mole per cent is as follows :

0.149

Sm203 0.057

Tm203 0.028

Ga2O3 0.544

Fe203 8.915

PbO 85.187

B203 5.120

This preparation yields films with less than two micrometer bubble di-

ameter at a growth rate of approximately 1.0 ~m/minute.

5



3. MAGNETIC FILM (~- 1ARACfERI ZAr 1oN

a. Introduction and Methods

The magnetic character izat ion of a bubble material  involves the

measurement of a variety of parameters. Perhaps the most fundamental of

these measurements is the determination of magnetization , 4TTM , and wall
energy , sIn ce all the static bubble properties can be deduced from
these two parameters. Alternatively , one can express the static bubble

properties in terms of 41TM and the characteristic length £ , which is
related to and 4nM according to the famil iar relat ionship

w
4~~2

To determin e these bas ic parameters , we use the Fowlis—Copeland technique1’2

in which one measures the stripe width and bubble collapse field. The 47tM ,

, and ~ can readi ly be calcu lated from these re sults  using the formulas
given in references 1 and 2.

As with room—temperature measurements , the temperature dependence of
4TTM and ~ can also be obt ained us ing the Fowlis—Copelan d techn ique. In
obta ining the re sults presented bel ow , the sample temperature was controlled
with a specially constructed hot stage in which a controlled flow of nitro-

gen gas was used to obtain both hot and cold temperatures. The gas was

heated by an electric heater or cooled by passing through a copper tube im-

mersed in liquid nitrogen . No heater was incorporated in the sample chamber

itself because such heaters (unless very specially wound) generate magnetic

fields that would interfere with the measurement. The sample chamber was

designed so that the hot (or cold) gas does not pass directly over the

sample; instead , it heats (or cools) the closed chamber in which the sample

resides. This arrangemen t insures that the sample temperature is the same

as that of the metal sample chamber which can readily be monitored with a

thermocouple. Small , thin glass windows above and below the sample permit

Ught to pass through the sample chamber so that the required observations

of the doma ins can be made using a polarizing microscope which is conven-

tional except for the addition of a special television monitoring system ,

which ic described below.

6



Several precautions are necessary to avoid an appreciable amount of

scatter in the stripe width measurements. This scatter will occur unless the

str ipe domain s are relatively straight over a distance that is at least ten
times their width. However, this is not the configuration that the domains

normally adopt after the appl ication of either a dc or an ac field perpen-
dicular to the sample. To obtain the desired long, stra ight domai ns, we
apply an in—plan e ac field

2
. We also rotate the sample to find the orienta-

tion which gives the straightest stripes. This procedure is required because

the stripes have obvious preferred directions reflecting the symmetry in the

[iii) plane of the sample. A relatively large in—plane field is required for

this initial straightening procedure; then before each measurement , a smaller
field is used which is just sufficient to cause a noticeable vibration of the

domain walls. This motion insures that the coercivity is overcome so that the

domain s can assume their equilibrium width at each new temperature. The in—

plan e field is generated by pass ing up to -
~~ 5’~ at 60 Hz through a pair of

100—turn rectanqular Helmholtz coils having inside dimensions of -~~ 4 x 14 cm.

In order to obtain bubble collapse field data , it is necessary to gen-

erate new bubbles at each measuring temperature. To avoid the necessity for

open ing the stage to cut stripes into bubbles, we have installed a small coil

just outside the sample chamber. This is a two—layer pancake coil wound with

15 turn s of No. 30 wire on a 6.5 mm o.d. nylon form 0.9 mm thick. Using a

pulse generator of lOA maximum output and 0.015 i. —sec rise time, a combina—
tion of pulse width and bias field which will cut stripes into bubbles is

determined experimentally for each new sample. It is true that these pulses

may generate some hard bubbles. However, in experiments on these and many

other mater ials , we have found that some normal bubbles are always generated
also. Our results are not affected by the hard bubbles, since we read the

collapse field of the first isolated bubble to collapse and this must be one

of the normal bubbles.

In addition to measurements of £ and 4T~M , we have also made room—

temperature measurements of the anisotropy constant K
~ 

. This is one of the

most important bubble material parameters , since it determines bubble sta-

bil ity and inf luence £ according to , the relation

7



U (1)

(where A is the exchange constant) . In our measurements of K~ , 
we ha ve

used the Kurtzig—Hagedorn method3’
4’5 in which one observes the magnitude of

in—plane field required to extinguish the stripe domains observed via the

Faraday effect. The details of the experimental procedure for making this

measurement may be found in reference 4. The magnitude of is deter-

mined from these experiments by using the method described by Druyvesteyn
6et al

An important auxi l iary  parameter that can be calculated from the basic
material parameters is the bubble stability factor q . This parameter is

the ratio between the anisotropy field and the magnetization. Since the

anisotropy field is equal to 2K
~
/M , the q is given by

Kuq = — 2 (2)
2TTM

Because of the importance of this parameter to bubble device applications ,

we will frequently give this parameter in addition to K
u ~ 

£ , and 41~M

b . Magnetic Film Processing Procedures

The as—grown LPE film is immediately cleaned in ni t r ic  acid to
remove any excess f lux  which has adh ered to it upon withdrawal from the melt.
It is then rinsed in demineralized water and blown dry , after which it is
read y for characterization .

The film is first examined for the presence of defects on a L.eitz metal-

lurgical microscope equipped with Nornarski interference contrast. In general,
defects arise in two ways: 1) by propagation from the surface of the sul —

strate, and 2) by incorporation during growth from precipitates or other

foreign bodies in the melt. Good quality , clean , properly handled substrates
essentially eliminate the propagated variety. The others are controlled by
carefu l preparation of the melt and proper temperature control to insure that
precipitation does not occur.

8



c. Film Thickness Measurements

Epitaxial film thicknesses were measured by optical Interference on

a Leitz metallograph fitted with a Bausch & Lomb grating monochrometer. The

f i lm th ickness at any po int  on the wafer can be calculated by measur ing the
wavelength change required to cause the fringe system to move an integral

number of fringe widths. In addition , the stat ic fr in ge pa ttern , i.e., at a
fixed wavelength , shows at a glance how uniform the film thickness is. The

LPE films delivered under the subject contract have been flat to within one

fringe (about 0.1 i~im) over the central 85% of the area. There are unavoidable

thickness variations in the immediate vicinity of the contact points where the

substrate is held in its platinum holder during film growth.

d. Film—Substrate Lattice Parameter Measurements

The relative lattice parameter of the LPE film , i.e., how well it
matches that of the substrate , is measured by x—ray diffraction , using a
Philips wide—angle goniometer and copper K~ radiation. The film and sub-

strate (888) reflection s are recorded and their angular difference is a

measure of ~a , the film/substrate mismatch. Precision is enhanced by the

use of a very narrow (1/12°) divergence slit and the smallest goniometer

speed (1/8°/minute). The lowest value of Aa measurable by this technique is

about 0.005&. below which the film and substrate reflection s are not resolved.

All films delivered thus far had ~a values < o.oosA .

e. Static—Film Property Measurements

Before presenting the results of our measurements of small—bubble
garnets , a brief introduction is necessary to put these results in perspec-
tive. A general formula for the bubble garnet materials  we have grown is :

(R’ R R ....)
3 

Fe
5 N

x 
012

where: R
1, 

R
2, etc. are rare earths (or yttrium or calc ium)

N is a non—magnetic ion , such as Ga or Ge.

The fundamenta l  properties of a garnet , such as the uniaxia l  anisotropy
constant and the inherent damping of the wall motion , are determined almost

I ~
entirely by the rare earths (R , R , etc.) in the above formula. We will

9



therefore identify composition s primarily by the rare earths they contain.

We will consider that all films with the same rare earth content are basically

the same compos it ion , even if x is not the same in all samples. This is not

to say that x has no effect on some important bubble properties. The 4~1M

depends directly on x and changes
7 by about l50.G for a change of 0.1 in x.

Therefore , variation s in x will change both £ and q , since these quan-

tit ies depend on 4TTM. Since Ku and A do not vary appreciably for modest

changes in 4mM , 2 and q vary predictably with 41*1 according to the rela—

t ion
(3)

M

which follows directly from Eqs. ( 1) and (2) .

In practice , LPE garnets are prepared by growing test films and making

small additions to the melt until x has the value which gives a desired

bubble diameter. By making such melt additions, we have grown a series of

films with a range of different bubble diameters for each basic composition

that we chose to study. To present here the data on all these samples of each
I

R , R .... combination would take a great deal of space and would merely serve
to obscure rather than clarify the sign ificant conclusion s that can be drawn

from our experiments. Instead , we present In Table just one set of data for

each rare earth combination . Even though we are thus compressing a large

amount of experimental data into a relatively few numbers , we still reta in

(as will be demonstrated below) all the essential information on the static

bubble properties of each composition . Thus the experimental data on in-

dividual samples can be relegated to Appendices A and B without losing any

information needed for a general discussion of the relative merits of the

different composition s we have prepared.

Except for one composition , the data in Table 1 represents a summary of

results on several films. Thus the values shown for K
~ 

indicate the range
of values obtained upon measuring several samples. It will be seen that

these ranges are relative ly small since , as mentioned above, K is expected
u ,

to be the same for all composition s contain ing the same rare earths R, R ... .
Unl ike , the parameters 41*1 and q depend directly on x . Therefore ,

10
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in order to present the d ata in a form that can read ily be interpreted , it is
necessary to separate the dependence on x from d i f f e rences  which are due to

I ~the rare earth content R , R .... . We have chosen to accomplish this by

nor mal izing all data to the same b value. Thus , although we have made
measurements on samples with £ between 0.1 and 0.7 .&m , we have used

Eqs. (1) and (2) to calculate what 41*1 and q would have been if £ had

been 0.15 ~m in each sample. Since the average bubble diameter of a material

is sl ightly less than ten t imes its .~ value , the values of 4rrM and ~
presented in Table 1 are therefore the val ues that would be obta ined in a
material supporting bubbles of about 1.5 ~m diameter. If one wishes to know

what 4mM would correspond to some differen t ~ , the value can easily be
calculated from the simp le relation

4mM = 1411M 
1 ~~~~~~~~~~

[ £ = o .l5 J £

which fo l lows  directly from Eq. ( 1) .  Similarly , the value of q in the table
is that value which corresponds to £ = 0.15. To obtain the value of q for
some 2 other than 0.15 , one has merely to apply the relation

= 

= 0.15] ~~
which follows directly from Eq. (2 ) .

A wide spectrum of materials  is represented in Table 1. Included are
several new composit ion s , as well as some 6 p.m bubble materials  appro priately
modif ied for smal l—bubble  appl icat ions.  As may be seen from the table , most
of these mater ia ls  do not f u l f i l l  the q ~ 3 Air Force requ iremen t wh en the
bubble size is ‘-~ 1.5 ~ m. Those with q < 3 include several composition s which
have been often mentioned as potential small—bubble materials. Fortunately ,

however , there are six composit ions in th is table which can meet the q ~ 3
requirement. One of these materials (the (YEu)3(FeGa)5

012) can be eliminated
from consideration because it has a positive magnetostriction coefficient

that prevents hard bubble suppression by ion implantation . Table 1 indicates

that the remaining f ive hi gh— q mater ia ls  have almost ideal room—temperature

11
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static properties.

The temperature dependence of collapse f ield and stripe width in these
five materials* are shown in Figs. 1 through 4. Over the —55°C to +125° C

range , the percentage changes (referred to room temperature) of stripe width
and colla pse field for these three mater ials are :

Composition Stripe Width ~ol1apse Field

(LaEuTm)3
(FeGa)

5
0
12 17.% 13.%

(SrnTm)
3
(FeGa)

5
012 ll..% 24%

(TbTrn)
3
(FeGa)

5
012 102.% 47%

(YSmTrn)3
(FeGa)5O12 l4.% 55.%

Clearly , the (TbTrn)3(FeGa)5
O12 has a poor temperature dependence, but the

other three materials are very good. As a matter of fact, it would be hard

to conceive of appreciably less variation being achieved in any bubble garnet.

Thus , there are three materials , (SmTm)3(FeGa)5012, (YSmTm)3(FeGa)5012 and
(LaEu Tm) 3( FeGa) 5012 with almost ideal static bubble properties. Obviously ,

our next task was to evaluate their dynamic properties. The results of these

measurements are described in the next section.

For the purposes of completeness , we have also prepared and evaluated
(YSmLu )3(FeGa)5

012 and (YSmLuCa)3(FeGe)5012 as candidate materials for small
bubble diameter applications. These results were presented at the Magnetism
and Magnetic Materials Conference in Minneapolis and are given in Appendix C

of this report.

f. Dynamic Film Property Measurements

Techniques for measuring static bubble parameters were described in
the preceding Section (lIe). This section will discuss dynamic film property

measurements that were conducted during the contract period. These measure-

ments have been made using the bubble—shift technique originally described by

*Actually , we measured the temperature dependence of only four of these five
compositions. Since Table I shows (EuTm)3(FeGa )5012 and (LaEuTm)3(FeGa)5012
to have similar room temperature properties, we have assumed that their tern—
perature dependences wil l  also be sim ilar and have only measured the
( LaEuTm) 3(Fe Ga) 5 O12. 

12
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TAB LE 1

BASIC STATIC BUBBLE DATA FOR
VARIOUS SMALL-BUBBLE GARNETS

- - - - - 

for £ 0.15 ~m4 ____________ ____________10 K r— 
4~~~4

1

CQmpositiOn (ergs/cm3) 
_______

(YLaTm )3(FeGa)5O12~~ 0.9—2.0 1.4—1.7 370.—590.

(YEuLuCa)3(FeG e 5O12
(0t~~ 0.4-2.6 0.5-1.7 290.—810.

(YSmLuCa)3(FeGe)5O12~~ 0.5—1.1 1.2—1. 7 380.—480.

(YEu)3(FeGa)5012~~ 2.5—5.9 1.6—5.1 540.—620.

(EuTm )3(FeGa)5O12~~ 6.7 3.9 655.

(LaEuTm)3(FeGa)5O12~~ 5.2—7.5 2.9—5.3 520.—790.

(SmTm)3(FeGa)50
12 

12.2 3.9—6.9 670.—880.

(TbTm) 3( FeGa) 5012 9.7—13.0 3.4—5.7 650.—970 .

(LaTm)3(FeGa)5012 0.8 0.7— 1.8 330.—540.

(YSmTm)3
(FeGa)

5012~~ 1.8—8.7 1.6—-~.0 530.—740.

a. This composition was grown on a (110) Sm
3

Ga5O12 substrate and was mismatched to
this substrate so that the anisotropy was primarily strain induced. All other

samples were grown on [iii) Gd3Ga5012 and were closely ma tched to the substrate
(to within .003A).

b. ~~ly one sample was measured of this composition . Several samples were pre-

pared of each of the other materials; in cases where not all samples gave the
same resu lts, the range of values is indicated. Representative experimental

data from which this table was derived may be found in Appendix A.
c. The wide range of observed values for this material may be due to inhomogenei—

ties such as have been reported8 in other garnets containing Ca or Ge.

d. In garnet films with only two rare earths, there is a unique concentration of

each that will permit the film to match the substrate. However, in materials

having three rare earths, there is a range of relative concentrations which

yield a match. Therefore, although we believe the results given here are

typical , there may be other formulations of these composition s yielding some—

what differen t results.

13

- .‘i*;~.
— ,c~~~

-—---- ~— ~~
- 

~ 
- - — - - --- - 

~~~~~~~~~~~
_ -



I I I I

1 3.0 - -

I
I..

I I I I I

I I I

400 - -

0

200 — -

0
C.,
w
-J

~ 100 - -

I I
-40 -20 0 20 40 60 80 100 120

TEMPERATURE (C)

FIG. 1 Stripe width and bubble collapse field for (LaEuTm)3(FeGa)5012
as a function of temperature.
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FIG. 2 Stripe width and bubble collapse field for (SmTm)3(FeGa)5012
as a function of temperature.
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FIG. 3 Stripe width and bubble collapse field for (TbTm) 3(FeGa)5012
as a function of temperature.
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FIG. 4 Stripe wid th and bubble collapse field for (YSmTm) 3(FeGa)5012
as a function of temperature.
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V.lla—Coleiro and Tabor9. In this technique , two parallel conductore ~it~

placed against the surface of the garnet, as shown in Figure 5. To make the

meas uremen t , a bubble is positioned midway between the conductors and the con-
ductors are pulsed . The initial and final positions of the bubble are

measured using a polarizing microscope and from this displacemen t and the

pulse length, the velocity can be calculated.

In utilizing the bubble—shift technique, we realize that bubble behavior
under dynamic conditions is too complex to be fully characterized by one
measurement. It has been reported10, for example, that a significant amount

of the bubble motion may actually take place after the drive pulse has ended .

Also , dynamic conversion effects11 can occur causing the apparen t bubble
mobility to depend on the amplitude of the driving field. In spite of these
complication s, we believe that the bubble—shift technique is adequate for our
present purposes. Because it does measure the movement of actual bubbles and
because a full range of drive fields can readily be applied , this technique
should provide a valid initial comparison potential bubble materials.

Although many bubble—sh ift velocity measurements are reported in the

l i terature, almost non e of these data are for bubbles of 3 ~m diameter or
smaller because of the experimental difficulties in making such measurements.

Even when using the best polarizing microscopes, the measurement of bubbles of

this size is made virtually impossible by the saiall dimension s involved and

the poor contrast of the image. In order to make such measuremen~-s po3sible,

we have purchased a special television system made to our specifi~~tions.

This system utilizes an ultra—low-light—level camera tube having an integral

silicon image intensifier. The output of this tube is then electronically

processed to enhance the image by introducing controllable amounts of contrast

enhancement, clipping and hi gh—frequency peaking. In addition , a pair of

measuring lines is added electronically to the image. The position of these

lines is fully adjustable and the distance between them is displayed on a

digital meter. A block diagram of this system is shown in Figure 6 and a
photograph of the apparatus is shown in Figure 7. We find that this apparatus

does allow us to make the small—bubble measurements that previously were

either difficult or impossible. Velocity measurements can now be made on

bubbles down to 1 p.m in diameter . In addition to these dynamic measurements,

18 
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FIG. 7 The microscope and television monitoring system used for the
measurement of small bubb le materials.

~DZZ~~p
20



all the static measurements (and particularly the strip width measurements)

are made much more conven iently and accurately with the use of the television
system.

In Section lIe of th is report , we identified three promising materials
for small—bubble devices on the basis of their static properties. These

materials were (SmTm)3
(FeGa)5012, (YSmTm)3

(FeGe)5012 and (LaEuTm)3(FeGa)5012.

In add ition to the room temperature values of all the important bubble
parameters, the temperature dependence of stripe width and collapse field for

these materials were also given in that section. In order to fully assess

the usefulness of these materials for device use, it is also necessary to
examine the variation of the anisotropy contant Ku with temperature. If

the anisotro py f ield = 2Ku/M falls below some minimum value, spontaneous
nucleation of bubbles can occur in device use. The minimum anisotropy that

can be tolerated var ies with the circu it type, but one rule of thumb that is
frequently used is that the a = H

k/
4TIM should be greater than 3. The

results of anisotropy measurements of two of these mater ials are pre sented in
Figures 8 and 9 , where we have plotted the data three d if ferent way s, i.e.,
in term s of K , H

k 
and q

We see from Figure 8 that the q of (SmTm)
3
(FeGa)

5
012 is 5.2 at 125

°C.

Since this sample has an £. of 0.16 p .m , it wou~~i support bubbles with a
diameter of approximately 1.6 ~m. Since q scales with £ , this material
could be adjusted to provide 1 p.m bubbles with a q > 3 at 125°C. This result

together with the static property data all indicate that this material is

well suited for bubble devices using bubbles as small as 1 p.m and covering

the entire military temperature range of —55 C to +125°C. Similarly , the
data in Figure 9 indicate that (LaEuTm)

3(GaFe)5
012 will prov ide q > 3 for

1.5 p.m bubbles and also operate over the full military range.

Having established that the static bubble properties of both (SmTm)
3

(FeGa)5012 and (L.aEuTm)3(FeGa)5012 are favorable for small bubble applica-
t ions , we must also determine whether their dynamic behavior is acceptable.
Therefore , we have measured the bubble—shift velocity v vs. drive field 

~~$

for both of these materials. The results are shown in Figures 10 and 11,
where we have also indicated for each material the mobility determined9 from
the slope of the curve.

21
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FIG. 8 K~, Hk and q vs. temperature for a (SmTm)3(FeGa)5012 film.
(The magnetic parameters of this film at room temper ature are:
£ = 0.16 ~zm,4 ir M = 645 G.)
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TEMPERATUR E (° C)

FIG. 9 Ku, Hk and q vs. temperatu re for (LaEuTm ) 3(Fecj a)5012.
(The magnetic parameters of this film at room temperatu re
are: Q - 0.24 pm , 4 i r M=533 G.)
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We see from Figure 10 that (SmTrn ) 3(FeGa) 5012 has a mobility of 140 crn/

sec/Ce. This value is considerably lower than those common ly obtained with

6 p.m—diameter bubble materials. However, a smaller mob ility can be tolerated

in small—bubble devices since the bubble does not have to move as far between

circuit positions. For example, let us assume a bubble diameter of 1 p.m.

The circuit period will then be about 4 ~m . Assuming a ti-I of 10 Ce,

Figure 10 shows that the velocity wil l  be 480 cm/sec which is 1.2 periods

per microsecond. The theoretical maximum data rate would therefore be 1.2

megabits per second. However, since the velocity is not constant as the

bubble transverses a practical circuit , the maximu m actual data rate would

probably be reduced by a factor of roughly three , yielding a rate of 400 k

bit/sec.

Thus , according to this estimate, (SmTm)
3
(GaFe)

5
012 has reasonable

device speed capabilit ies but it does not meet the ideal specif ications set
forth in Section 1.1. As shown by Fi gure 12, (YSmTm)3(GaFe)5012 has a con-
siderably higher mobility and therefore would be capable of a correspondingly

higher device speed . Its anisotropy is about one—quarter as b ig ,  however , so
its min imum bubble size for q = 3 will  be — 2 p .m. In comparing these two

materials , we see that there is a trade-off between high anisotropy and high
mobil ity , i.e., the material with a higher value of one of these parameters

has a lower value of the other. Further examples of such a trade—off is

given by the data on (YSmLuCa)3(FeGe)5012 in Figure 13. This material has a

mobility of 1000 cm/sec/Ce but a much lower anisotropy so that the minimum

bubble size for q = 3 at room temperature is about 3. p.m. The ideal bubble

material would , of course, have both high mobility and high anisotropy . The

mater ia ls  described above represen t the best combination of properties for
small—bubble  application s yet discovered .

4. CONCLUSIONS

Rare—earth garnet crys ta l l ine  composition s were formulated , f i lms  de-

posited by liquid—phase epitaxy , and magnetic evaluation measurements per-

formed. The results of the magnetic property experiments were used to select

improved rare—earth iron garnet composition s and film deposition conditions

for small—bubble—diameter magnetic memory applications. Representative

results of delivered samples are given in tabular form in Appendix B. During
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FIG. 10 Velocity vs. drive field for a (SmTm)3(FeGa)5012 film having the
following properties : thickness = 3.6 pm, 2 = 0.16 pm, 4 ir M = 645 G,
Hk 4657 Oe, K~ 

= 1.2 X iø~ erg/c m3, q = 7.4. (The bars indicate the
spread in the data obtaine d upon repeating each measurement about six
times; the circl es represen t the average of these measurements. The
spread indicated by the bars is due primarily to variability in bubble
behavior, not to uncertainties in the measurement. )
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FIG. 11 Velocity vs. drive field for a (LaEuTni)3(FeGa)5012 film having the
following properties: thickness = 3.6 pm, £ = 0.24 pm, 4 ir M = 480 G,
Hk = 3276 Oe, K~ 

= 6.3 X iO~ erg/cm3, q = 6.9. (The bars indicate the
spread in the data obtained upon repeating each measurement about six
times; the circles represent the average of these six measurements. The
spread indicated by the bars is due primarily to variability in bubble
behavior, not to uncertainties in the measurement.)
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FIG. 12 Velocity vs. drive field for a (YSmTm)3(FeGa)5012 film having the
following properties: thickness 2.6 pm, Q = 0.19 pm, 4 ir M = 400 G,

= 1480 Oe, K~ 
= 2.37 X ~~~ erg/cm3, q = 3.7. (The bars indicate the

spread in the data obtained upon repeating each measurement about six
times; the circles represent the average of these six measurements. The
spread indicated by the bars is due primarily to variability in bubble
behavior, not to uncertainties in the measurement.)
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FIG. 13 Velocity vs. drive field for a (VSmLuCa)3(FeGa)5012 film having the
following properties: thickness = 2.3 pm, 4 ir M = 320 G, Hk = 670 Oe,
Ku = 9.7 X ~~ erg/cm3, q = 2.4. (The bars indicate the spread in the
data obtained upon repeating each measurement about six times; the
circles represent the average of these six measurements. The spread
indicated by the bars is due primarily to variability in bubble behavior,
not to uncertainties in the measurement.)
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this report period , samarium thulium— , yttrium samarium thullum— ,yttrlum

samarium lutetium— , and yttrium europium thulium gallium iron garnet films

were grown and their static magnetic properties evaluated . Yttrium samarium

lutetium calcium germanium iron garnet small—bubble—diameter films were pre-

pared and evaluated for comparison of their magnetic properties. In addition

to the static magnet ic property experiments , dynamic measurements were per-
formed on (LaEuTm)

3
(FeGa)

5
012, (SmTm)3(FeGa)5012, (YSmLuCa)2(FeGe)5012 and

(YSmTm )3
(FeGa)

5
012 films. Mobilities of 233, 140, 1000 and 660 cm/sec/Ce,

respectively , were determined for representative samples. It is concluded

that these materials will  be usefu l for small bubble diameter cylindircal—
domain bubble memory device applications. The f inal  selection process mu st
consider the circuit requirements and ul t imate design characteristics, which
are beyond the scope of this program.
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- APPENDIX A

TABULATION OF REPRESENTATIVE SMALL-
BUBBLE-DIAMETER EXPERIM ENTAL RESULTS

In Table 1 we gave a sumary of the experimental data taken on a large
number of films. The purpose of this appendix is to present (by means of

Table 2) a representative sample of the experimental data on which Table 1
was based. These data in Table 2 include film thickness, zero—field stripe
width , 411M, L~ Ku and q • The table also contains the normalized q and
4iiM values which are discussed in connection with Table 1.
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APPENDIX A

TABLE 2

TABU LATION OF REPRE SENTATIVE SMALL BUBBLE DIAMETER EXPERIMENTA L RESULTS

— 
F11J4 ZERO FIELD 10 4K

SAMPLE ThIC~O1ESS STRIPE WIDTh 4~~ ~ U 4~ 4
MATERIAL NUMBER (~I4) 1MM) 

J ~~~~~~ 
(~M) (.rgs/cm ) ~~~~.. g ~~~

504188 6.4 3.3 350. 0.228 1.21 2.48 1.63 429.

504178 6.6 2.5 402. 0.128 0.917 1.43 1.68 371.

( YL*TM) (F.G.)5o -3 12 so~oss 1.0 1.0 683. 0.113 —1.96 — 1 . 1  — 1 . 5  593.

50516C 2.0 1.0 693. 0.067 1.20 0.63 —1.4 1 463.

603298 4.3 2.2 539 . 0.151 2.01 1.75 1.74 541.

(3  4% 60406B 3.8 2.1 802. 0.154 2.58 1.01 0.98 813.
(YEuLaCa) 3( P.G.)5012 ‘

60615A 6.0 3.9 194. 0.329 0.394 2.63 1.20 287.

606160 3.8 3.0 355 . 0.293 0.5 1.0 0.51 496 .

60922C 2.2 2.2 296. 0.248 0.47 2.8 1.70 380.

(YS,,LuCa)
3(F.6.)5O12~~ 609238 1.7 2.0 376. 0.242 1.10 1.9 1.18 477.

609230 2.1 2.0 325. 0.219 0.89 2.1 1.4-4 392.

(4111~~ 4.43 1.95 559. 0.140 5.93 4.76 5.10 540 .
(YE u ) 3(FeGa) 5O12

( t)

L 411058 3.88 1.48 866. 0.076 2.49 0.83 1.64 617.

(EuT,, ) 3(F.G.) 5o12
t
~~ 50625A 3 . 3  3.0 470. 0.291 6.7 7.64 3.94 655.

60707A 1.0 2.2 483. 0.292 5.2 5.6 2.87 674.

60708B 2.1 2.4 484. 0.298 5.8 6.2 3.12 683.
(LaEuTm) 3(FsGa) 5012~ 

)
607168 2.5 1.7 526. 0.149 5.9 5.3 5.3 523.

60715C 1.8 1.9 650. 0.220 7.5 4.5 3.06 788.

I 61019A 3.6 2.1 645. 0.161 12.2 7.4 6.9 667.
(SmTm ) 3( ?IGa) 5012 61019B 3.6 3.4 561. 0.372 12.2 9.7 3.9 883.

61204A 7.8 6.7 304. 0.694 9.7 26.3 5.7 654.
(ThTm ) 3 (F.G a) 5012 612048 3.1 5.5 441. 0.729 13.0 16.4 3.4 972.

(610140 3.5 1.7 633. 0.110 0.86 0.54 0.74 541.
(La Tn ) 3 (P.Ga) 5O12

610270 5.8 4 . 7,  188. 0.467 0.77 5.5 1.77 332.

f 70707C 2.2 2.5 377. 0.298 1.81 3.2 1.61 531.
(YSmTm) 3(F.Gs) 50

70921C 1.6 1.0 1006. 0.082 8.7 2.16 3.95 744.
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APPENDIX B

TABULATI ON OF MAGNETIC DATA FOR SUBSTRATES
AND LPE FILJ~S DELIVERED TO CONTRACT MONITOR

~~ce a month since the beginn ing of this contract, we have sent repre-

sentative garnet films to WPAFB. The purpose of this appendix is to summarize

the properties of these films. In Appendix B, we have listed the composition ,

film thickness, and magnetic properties for all of these films.
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APPENDIX B 
-

TABLE 3

TABULATION OF MAGNETIC DATA FOR SUBSTRATES AND LPE FILMS DELIVERED TO CONTRACT MONITOR

DATE OF FILM ZERO-FIELD 10~~~~
SHIPMENT SAMPLE THICKNESS STRIPE WIDTH 4yyH L
to wpaps NUMBER SAMPX.E coMPosITIoN (na) ___________ ~~~ ~ue~

1/26/77 1 (SBTm)
3
(FaG a)5 0

12 
2.7 1.8 — — — -

2 • 2.7 1.8 — — — —

3 2.7 1.8 — — — —

4 • 2.8 1.8 - — — -
5 <111> polished substr*te

2/18/77 1 (YSmLu) 3 (FeGa) 5 012 2.0 1.5 — — — —
2 • 2.5 1.4 — — — —

3 • 3.0 1.4 — — — —

3/24/77 1 (YSmLu )
3 (FeGa) 50

12 
3.1 1.8 559 0.138 2.85 2.3

2 • 3.1 1.5 S55 0.098 3.67 3.0

3 • 3.1. 1.5 548 0.098 3.7(~ 3.2

4 • 3.9 2.1 626 0.150 5.34 3.4

S <lll> G~ polished substrate

4/21/77 1 (TEuTm)
3
(FeGa)

5 012 2.9 1.5 — — — —

2.7 1.5 — — — —
3 ., 3.0 1.5 — — — —
4 2.9 1.5 — — — —

S <111>G~ polished substrat e

5/10/77 1 (YSSLU) 3 (F eGa) 5013 2.0 1.2 — — — —
2 • 2.1 1.25 — — — —

3 • 2.3 1.35 — — — —
4 • 2.0 1.3 — — - —

6/30/77 1 (Y8mTm )3 (FeGa )
5012 

2.4 1.8 690 0.169 11.45 6.2

2 3 .3  2.0 832 0.160 10.7 3.9

3 4.3 1.7 759 0.096 4.5 2.0

4 • 3.5 1.75 762 0.117 6 .3  2 7

7/23/77 1 (YS TB)
3

(F.G a)
5012 

2 . 2  2 . 5  377 0.298 1.81 3.2

2 (YSe )3 (FsGa) 5012 4.3 3.75 — — — —
3 (Y$mL u) 3 (F.G e) 5012 2 .4  1.5 559 0.122 2.89 2.33

4 • 4.3 1.8 569 0.102 3.15 2.44

S <111> polished substrate
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APPENDIX B

TAB LE 3 - Cont’d

TABULATION OF MAGNETIC DATA FOR SUBSTRATES AND LPE FIUIS DELIVERED TO CONTRACT MONITOR

DATE OF 
- 

FILM ZERO -FIELD 
b E t,

SHIP M EN T SAMP LE THICKNESS STRIPE WIDTH 4TTM L
to WPAFB NUMBER SAMPLE CO MP OSI TION (~~~) (~~~) (C ) ~~~~ (ergs /cm 3) ~~~~~~~~

7/20/76 1 (LaEuTh, ) 3 (FeGa)
5 012 2 .7  1.9 526. 0.171 5 .9  5 . 3

2 1.9 1.8 591. 0.197 6 .8  4 .9

3 • 2 .2  1.8 516. 0.180 5 .7  5 .4

4 • 1.8 1.9 650. 0.220 7 . 5  4 . 5

8/2/76 5 (YLaTm ) 3 (FeGa) 5 0
12 

1.8 1.2 688. 0.100 1.6 0 .6

6 ( implanted ) 2 .9  1.5 551. 0.1.04 1.4 0.9

7 (implanted) 4 .0  1.9 488. 0.121 1.2 1 . 1

8 • 1.5 1.0 590. 0.086 1.3 0 .7

9 SUBSTRATE

8/27/76 1 (LaEuPm)
3

(FeGa)
50

12 
2. 1 2 .0  489. 0.219 6 .2  6 . 5

2 2 .3  2 .0  504. 0.208 6 .4  6 . 3

3 1.6 2.0  559. 0 .247 7 . 1  5 . 7

4 SUBSTRATE

- 5 ( LaEuTm )
3

( FeGe)
5012 1.5 1.9 512.  0 . 2 3 6  7 . 5  7 .2

6 .7 ,8 3.6 2.6 533.  0 .239  6 .6  5 .8

9/29/76 1 (YSmLuCa) 3 (FeGa) 5 0
12 

2 .2  2 .2  296 . 0.248 0.97 2.9

2 • 2 .3  2 .2  291. 0.241 0.87 2 .6

3 • 2 . 1  2 .0  325. 0.219 0.89 2 . 1

4 • 1.9 2 .0  289. 0 .231 0 . 7 5  2 . 2

5 G
3

SUBSTRATE

10/29/76 5-1 SUBSTRATE

5— 2 ( LeEuTh)
3

( FeGa ) 5 °12 1. 6  1.9 5 6 3 .  0 .2 31  7 . 4  5 . 9

5— 3 (EuTB )
3

(FeGa)
5 

012 2 .0  2 . 3  — — — —

5— 4 (SmTBI )
3

(F.Ga )
5 

012 3.6  2 .1  645. 0.161 12.2 7 .4

5— 5 (YSn~LuCa) 3 (FeGe) 5 012 
1 . 7  2 .0  376. 0 .242 1.1 1.9

12/3/76 1 (LaEuTm )
3 (FeGa) 5 

012 2.7 2.0 588. 0.186 6.8 4.~

2 (ThTm ) 3 (FeGa) 5 012 
2.6  2 .8  — — — —

3 3 . 1  2 .5  — — — —
4 2 . 1  2 . 2  — — — —
5 SUBSTRATE

12/15/76 1 (ThTm ) 3 (FeGa ) 5 0
12 1.9 1 .4  — — — —

2 • 2.0 1.7 — — — -

3 • 1.6 1.9 - - - -
4 SUBSTRATE 

34
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APPENDIX B

TAB LE 3 — Cont~ d

TABULATION OF MAGNETIC DATA FOR SUBSTRATES AND LPE FILMS DELIVERED TO CONTRACT MONITOR

—4
DATE OF 10
SHIPMENT SAMP LE TH ICKNESS STRIPE WIDTH 4T M L
to WPAFB NUMBE R SAMP LE COMP OSITION . (pm) (~ m) (C) j~j (ergS/ctIl I

8/ 30/77 1 (YSmLu ) 3
(F eGa)

5012 3 . 2  4.4 263 0 .607 2. 6 (’  9 .65

2 5 .2  3 .0  480 0 .229 7.06 7 .7

3 4 . 1  2 .5  396 0 .20  2 . 2 4  3 .5 9

4 (YSm )
3

( FeGa )
5012 4 . 3  — — — - -

5 <111> polished substrates

10/4/77 1 (SmTm ) 3 (FeG a) 50
12 2.4 1 .8  699 0.169 0 .114 6.16

2 (YSmTB )
3

( FeG a) 5012 1 .45  — — — —

3 • 2 . 0  1.69 562 0 .173 6 . 4 4  5 . 13
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APPENDIX C

Th is is a prepr int of a presentat ion to be given at the Conference on
Magnet ism and Magnetic Materia ls in Minneapolis November 8—11 , 1977. The
paper is entitled “(YSmLu)

3
(FeGa)

5
012 for 1 to 3 .&m Diameter Bubble Devices,”

and is Abstract Number 1A—6 in the program booklet.
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( Y S m L U ) 3
(Fe Ga)

5
012 FOR 1 TO 3 pm-DIAMETER BUBBLE DEVICES*

M . Kesti gian , A. B. Smith and W . R . Bekebrede
Sperry Research Center , Sudbury , Massachusetts 01776

ABSTRACT EXPER I MENTAL TEQ1NIQUES

Investigations of small—bubble—diameter  c rys ta l— Al l  of the gar net f i lms  reported herein were grow’
line garnet LPE magnetic films have shown that by the liquid—phase ep itaxta l  dipp ing method [10] .
(YSmLu ) 3(FeGa) 5012 has some importan t advantages Film deposition was carried out at a melt temperature
relative to other garnet composition s for use in of 980 to 1010 C, d epending on the exact  composition
bubble devices. In the present stud y ,  this mate r i a l  of the solut ion . Pol I shed and cleaned <111>-oriented
is compared with (YSmLuCa) (FeGe)

5
O
1~
, a material gadolinium gallium garret (3G ) substrates were used

widely used for device app~ ication s Decause of its de- throughout  th is  study. The substrates were held in a
sirable bubble properties. it is observed that in the horizontal position aurir 2 the dipp ing process. A

gallium garnet, the growth process is much easier to rotation of 60 rpm with direction reversal every three
control and is not subject to the inhomogeneities seconds was used to obtain uniform magnetic film thick—
noted in the analogous calcium germanium composition . ness . On withdrawal rom the solution , the rotation
Furthermore, a detailed comparison of the properties was iimsediately accelerated to 600 rpm to remove any
of these two materials indicates that their small— flux residue that mi ght have adhered to the film. A
bubble-diameter properties are very similar. These growth rate of 0.5 to 1.0 sm/min was used in these cx—

data Include the Curie temperature and bubble—shift periments. A typ ical solution composition in terms

velocity , as well as the temperature dependence of of mole % is : Y
2
0
3
(0.457), Sm

2
0
3
(0.l13) , Lu

2
0
3
(0.18),

stri pe width , collapse f ie ld , anisotropy , magnetiza— Fe
2
0
3
(8.50), Ga

2
0
3
(0.79), PbO(84.77), B

2
0
3
(5.lg). The

tior and characteristic material len7th . The most
noticeable difference revealed by these measurements magnetic films were grown lattice matched to 3G. Ad—
is the expected lower Curie temperature of the gallium justments were made in the concentration ratios of the

raw materials to maintain this condition .garnet; however, this has a rela tively smal l  e f f ec t  on
the temperature dependencies of stripe width and col— The film magnetic parameters were determined using
lapse f i e l d  at device opera t ing temper atures .  a po la r iz ing  microscope setup which was convent ional

except for the add i t ion  of a spec ia l  t e lev is ion  system
INTRODUCTION (model l6lA/142A ; ITP lnc., Sunnyvale , Ca.) that aids

greatly in making measurements on these small—bubble
The accepted and most promising method to obtain materials. Values of stripe width w , bubble collapse

the low magnetic moments generally required for device field Hcoi , magnetization 4rlM , c”aracteristic
operation involves the sub- .titution of tetravalen t length , anisotropy constant K.~ , bubble  s t a b i l i t y
german ium for iron , with an equal concentration of factor q , Cur ie tempe r a t u r e Tc and mobi l i ty  p were
divalent calcium en te r ing  the dodecahedral site for obtained using standard techni ques [11 — 16].
charge compensation . Such compositions were reported The samarium concentrations we have measured in
first by Bonner et al [1] followed by other investi- these films are relative values only , obtained from
gators t2 — 6]. These publications described the x—ray spectroscopy measurements. No absorption or en—
advantages of CaGe compos i t i ons  for greater  than 3 pm— hancement correction s were applied , but the samarium
diameter cylindrical—domain app lications. These intensities were normalized by referring them to the
advantages are associated with the germanium cation lion intensities. The iron content of the films can be
residing almost entirel y in the tetrahedral garnet considered approximately constant as a result of se-
sites , with very lIttle germanium occupy ing the octa— lecting films having essentially the same magnetiza—
hed ra l  site (7]. This situation does not  prevail  i f  t ions and th icknesses .  Of course there w i l l  I’e a small
Ga or Al are used to obtain low 4nM va lues  as , for octahedral si te occupancy by g a l l i u m  and l u t e t i u m  which
exa~iø1e , in (YSm)

3
(FeGa)

5
012 [4) .  Over 10 % of these would requ ire d i f f e r e n t  iron contents for  the same

no n -magne t i c  ions a lso s u bst i t u t e  for the octahedral  values of 4T’M , but we es t imate  this error would not
exceed 5%.Iron , thereby cou n t e r a c t i n g  the t e t r ahedra l  iron

d i l u t i o n . Any such no n - r s a 7 r e t i c  d i l - i t i o n  of the
o c t a h e d r a l  iron s u b l a t t i c e  w i l l  r e su l t  in lowering the 

~~SULISCurie t empera tu re [s). On the other hand , to obtain
good tempe ra tu re  st ab i l i t - 1  of m a g n e t i c  p roper t ies , the In order to compare the temperature  dependenciesCu r i s  t empera ture  of the garnet  f i l m  m u s t  be kept as o f (YSmLu ) (GaFe ) 5 012 wi th  i t s  CaGe a n a l og(- i gh as po ss ib l e . For t h i s  re a~ on , the CaG e—sub—
st i t u t e a  r a re ear th  iron garne t s  have been selected (YSmLuCa) . . ?GeFe) 0 , we presen t da ta  on two pai rs  of
a lmo st  u n i v e r sa l l y  for 3—to 8-~,rn d ia meter bubble de— carefully~ seiec t~d~~ilm s .  In each pair , o re  f i l m is a
vices,  caGe—garnet , w h i l s  the other is a G a — g a r n e t ;  however ,

How ever , CaGe comp o s i t i o n s  h ave some d i sadvantages  the room—temperature values of I , 41~M and K~ are
which should be con s i d ~ r e i .  I r h o mogene i t i es  have been v i r t u a l l y  the same for both f i l m s . In the f i r s t  pair
observed [~~~) 

in these m a t e r i a l s  i f  r i gorous growth of f i l ms that  we shall consider , both a4e approxi-
procedu res are not  a L e r e I  to. These inhorn ogene lt ies mately  2.5 pm—diameter—bubble mater ia ls  . The tern—
have not been -a problem in the growth of Ga-garnet  perature dependencies of w , Hcol ‘ ‘
f i l m s , wh ere the depos it lo r  proces s Is much easier to
control .  Furthermore , as bubble  di ameters are lowered
to approximate ly  2 pm , 4mM s u st  be increased ; there— tIn order for the two films in each pair to have the
fore , smal l e r  concentra t ion s - - f  the nonmagnetic cation same magnetic properties, we find that they must be
di luen t are required . The d i f f e r e n c e  in Curie tern— formulated to have approximately the same Sm content.
p ers tir e  between Ga- and CaGe-contatr 1.ng garnets then To maintain film/substrate lattice match, the CaGe-
becomes su f f i c i e n t l y  smal l  [s] that one may question garnet must therefore contain more Lu (and less Y)
whether there I s  any p rac t i ca l  d i f f e r e n c e  for device th an the Ga—garnet .  In fact, to obta in the compar ison
use. This stud y was undertaken to answer that in Fig. 1, it was necessary to formulate the Ga—garnet
question by comparing (YSmLu)3(GsFe)5012 and without any Lu. Except where otherwise not d, all the
()~mLuCa)1( ;eFe)501 . . other films we shall discuss do contain Lu.
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Fi gs. 1 ari d 2 . A comparison of the temperature dependence of (Y SmLu) 3 (GaFe ) 5O12 and (YSmLuCa) 3 (GeFe) 5O12 .

(Th icknes s  va lues  for these particular films are: Fig. 1: 3.8 pin CaGe , 3. pm Ga; Fig.  2: 3.2 pm CaGe, 3.1 pm Ga.)

and q of these films are shoan in Fig. 1. tPlease
note  that  loga r i thmic  ve r t i ca l  coord ina tes  have been
used so t h a t  r e l a t ive  percentage changes  can be eas i ly
visualized.) It will be seen from this figure that ________________________________________

the temperature dependence of the Ga—garnet is more I I I I I

pronounced than that of the CaGe-garr et. However, wt h i s  d i f ference largely disappears  when one considers
materials such as those in Fig. 2 which support
bubbles sm a l ler  than 2 pm in diameter . (It  should be -

4noted tha t  the same v e r t i c a l  scales  are used in Figs.
I and 2 so that direct comparison s of temperature

Ga GARNETvariation s between these two f igures can be made.) IIIThe v a r i a t i o n  of Curie temperature  wi th  4mM that c.o.GARNETwe have  m ej - .ured in both the Ga— and CaGe—garnet .  is
shown In F ig .  3. Ever: though Tc for the Ga—garnet  I I I I I I I
I s  lower for a l l  va l u es of 4mM , the  d a t a  in Fig. 2 ZOO 400 000 000
rt.monstr ate that. when 4mM >-- 600 G , this  d i f f e r ence  sloe.
n ot appre c i a b l y  f f t  bubble  parameters below —100 C. 4aN (G

The q’:eation n a t u r a l l y  ar ises  as to whether
(Y SmLu) 1(GaFe) , O 2 garneta can be made to provide even Fig. 3. Curie temperature for (YSmLu) 3(GaF.) 5012smallar v a l u e -~ o~ £ and/o r hi gher q s  than the
mater i a l  in Fig. 2. Since on, would expect the anis ot— and (YSisLuC )

3
(GeFe)

5
012 f i lm. as a - f u n c t i o n  of 41$l.

ropy to increase with increasing Sm content and since
f i l m — c  l , st r ste  la t t ice  match will require that the Y
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conten t be reduced in order to increase the Sm content , I 1 I I
we have pr epared a film with no ‘1 [17,18) to see what ft
anisotropy could be achieved. This film has a K.d of 8
8.8 x l0~ ergs/cm

3 which is a factor of 2.7 higher than
the Ga—containing film of Fig. 2. We should , there— . /

/fore , be able to prepare films with an £/q ratio . £
which is V~7~ = 1.6 times larger than that of the film
in Fig. 2 (because the basic definition s of q and L 4 -

require that q ‘ £ IR). Thus, for example , a film
could be made with the same q as the one in Fig. 2 . 

/
but with being 1/1.6 = 60% as large. / £

We have stated that we expect the anisotropy of
(YSmLu)3(GaFe)5012 to depend on Sm content. It is 2
clearly not a simple linear relatiooship, since the —
magnitude of the growth-induced anisotropy [19] can
depend on other factors; and even if concentration
were the only variable , the dependence is not linear.
Ne vertheless , it is in teres t ing to plot  K,~ against Sm
content as we have done in Fig.  4. As expected , RELATIVE Sm CONTENT
(YSm) (GaFe)5012 (which has the lowest Sm content) alsohas t~e lowest anisotropy , and (LuSm) (GaFe) 0 (which
has the highest Sm content) has the h?ghest ~n~~otropy . 

Fig. 4. Anisotropy constant Ku as a function of

The other points show a roughly proportional relation— Sm conten t in a series of (YSmLu )3(GaFe)5012 garnet

ship, although there are 3 points having the same Sm films. (The lowest anisotropy film shown here contains
conten t but significantly differen t values of anisot- no Lu. The highest anisotropy film contains no Y
ropy . All  other f i l m s  contain  Y , Sm , and Lu .)

The mobilities of each of the samples of Fig. 1
and 2 and the above—discussed (SmLu )

3
(FeGa) 0 are

presented in Fig. 5. We have chosen to plo~ ~~esemobili t ies agains t  K,~ to display the ob vious corre la — I I I I I I I
t ion between these two p 3rameters for f i lms  whose other 1500 A wsm L 3~~~~.~5012properties are similar. (We are r e t  a t t empt ing  to deal
with the fundamenta l  qu est ions  [2~~~ of the exac t  fun— 0 o

~~
(YSmLuCs) 3 (GsFe)5Oi2:

800tional dependence of mob i l i ty  on K , or other material :
paramete rs . )  Figure 5 demonstrates  tha t  the Sa-j ar :~ .t
and CaGe-garnet exhib i t  s i m i l a r  t r a l e - o f f s  when one
attempts to maximize both mobilit , ~r d  a n i s o t r op y ,  as >~I-is required for small—bubble device application s . -

200 -
CONCLUSION S -

LPE films of (SmLr:) 3(GaFe)~O1 - m d  I I I I I I I I

(‘ISmLu) (GSF4) 0 have beer crown and evaluated for 1— 1 2 4 8
3 jl2 -

to 3—m~m -bubb le— diameter .- .pp licatio crs. A cornparisorr of
(YSmLu )3

(GaFe)
5
012 with it s ealcium—qerma rium analog

Composi tion -how. that ~ -e ~-r s, it re J - ’per i~’r r i ’ ~ of Fig. 5. Mobil ity vs K u for (YSmLu )~~ GaFe)5u12 and
all the sta tic bubble parameters are practic ally iden-
tical below 1”) C if th~ -~at=ria1 is firmuiated to have (YSmLuCa)3(GeFe)5012 gam ete. (Central four data point s

a bubble dj .rmpt:r .-r 2 pin . The mchIli~ les are also are for the sarn~ l es  of 11r~. 1 arid fl . The lowest mob i l i t y
similar for c-~mpc-; 1t Ions -~~ h have pr ro xim atel y the Ga—garnet in this fi gure contains no Y . The highest
same 3nlsotropy constant , mobility Ga—garnet shown here c o n t a i n s  no Lu . All other

points represent samples containing I’ , Sm and Lu .)
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